Substantial evidence suggests that poor intrauterine milieu elicited by maternal nutritional disturbance may programme susceptibility in the fetus to later development of chronic diseases, such as obesity, hypertension, cardiovascular disease and diabetes. One of the most interesting features of fetal programming is the evidence from several studies that the consequences may not be limited to the first-generation offspring and that it can be passed transgenerationally. In the present study, female rats (F0) were fed either a normal-protein diet [control diet (C); 19 g of protein/100 g of diet] or a low-protein diet [restricted diet (R); 5 g of protein/100 g of diet]. The offspring were termed according to the period and the types of diet the dams were fed, i.e. CC, RC, CR and RR (first letter indicates the diet during gestation and the second the diet during lactation). At 3 months of age, F1 females were bred to proven males, outside the experiment, to produce F2 offspring. At weaning, F2 offspring were divided by gender. RC1 offspring (with the number indicating the filial generation) were born with low birthweight, but afterwards they had catch-up growth, reaching the weight of the CC1 offspring. The increased glycaemia in RC1 offspring was associated with insulin resistance. CR1 and RR1 offspring had impaired growth with no changes in glucose metabolism. RC2 offspring had high BM (body mass) at birth, which was sustained over the whole experiment in male offspring. The F2 generation had more alteration in glucose metabolism than the F1 generation. CR2 and RC2 offspring had hyperglycaemia accompanied by hyperinsulinaemia and insulin resistance in both genders. CR2 offspring had an increase in body adiposity with hyperleptinaemia. In conclusion, low protein during gestation improves BM, fat mass and growth rate in F1 rats, but has adverse effects on glucose and leptin metabolism, resulting in insulin resistance in adult F1 and F2 offspring. Low protein during lactation has adverse effects on glucose, insulin and leptin metabolism, resulting in insulin resistance in adult F2 offspring. These findings suggest that low protein during gestation and/or lactation can be passed transgenerationally to the second generation.
INTRODUCTION
Numerous experimental and epidemiological investigations have highlighted the role of early reduced calorie and protein nutrition on decreased birthweight and the increased likelihood of elevated blood pressure and cardiovascular diseases in later life [1] . This association is explained by the 'fetal programming hypothesis', proposing that adverse environmental influences during critical stages of fetal development, such as insufficient nutrient supply, lead to fetal adaptations that result in both reduced fetal growth and permanent changes in the activity of functional systems [2] .
Animal models of intrauterine growth retardation, such as maternal protein restriction, are an invaluable tool to address the genetic, molecular and cellular events that determine fetal growth and development. Rodents are a mammalian system with similar embryology, anatomy and physiology to humans. Utilization of these systems has led to a greater understanding of the pathophysiology and consequences of intrauterine growth retardation. These observations are comparable with that observed in humans born small-for-gestational age, and are of interest because of the known association between poor fetal growth and development of adult disease [3] .
The mechanisms through which specific tissues could be affected permanently by nutritional perturbations in early life is still a matter of debate, and include epigenetic changes in gene regulation [4] , variations in organ structure [5] , alteration in cell number [6] , and apoptotic remodelling and metabolic differentiation [7] .
There is increasing evidence that some elements of heritable or familial component of susceptibility to chronic non-communicable diseases, such as Type 2 diabetes, obesity and cardiovascular disease, are transmitted non-genomically [8] . The processes whereby environmental influences act during early development to shape disease risk in later life can have effects beyond a single generation. Such heritability may operate through epigenetic mechanisms involving the regulation of either imprinted or non-imprinted genes, but also through broader mechanisms related to parental physiology or behaviour [9] . The fundamental concepts consist of the progression from a healthy phenotype to a chronic disease phenotype due to changes in gene expression or by differences in activities of proteins and enzymes, and that dietary chemicals directly or indirectly regulate the expression of genomic information [10] .
The effects of fetal programming may not be limited to the first-generation offspring. One of the most interesting and important features of developmental programming is the evidence from several studies that the consequences of an altered intrauterine environment can be passed transgenerationally from mother (F0) to daughter (F1) to the F2 progeny [11] [12] [13] . One general mechanism by which prenatal and postnatal exposures could be linked to phenotypic changes in later life is an alteration of epigenetic markers, which have a central role in determining the functional output of the information that is stored in the genome [14] . Epigenetic factors have a potential importance in the intergenerational inheritance of the 'programming phenotype' and provide the basis for the inherited association between low birthweight and cardiovascular risk factors [12] .
The present study investigates the effects of protein restriction during pregnancy and/or lactation in F0 dams on overall growth, blood pressure and metabolic phenotype of F1 and F2 offspring. We aimed to study whether (i) there are any transgenerational effects on F2 offspring, (ii) these effects are dimorphic, and (iii) they are dependent on the period of development in which protein restriction occurs.
MATERIALS AND METHODS

F1 generation
Virgin female Wistar rats, 12 weeks of age, were obtained from colonies maintained at the State University of Rio de Janeiro. Rats were maintained in a temperature (21 + − 2
• C)-and humidity (60 + − 10 %)-controlled room, with a 12h-dark/light cycle (artificial lights, 07.00-19.00 hours) and an air-exhaustion cycle of 15 min/h. All procedures were carried out in accordance with the Conventional Guidelines for Experimentation with Animals (NIH Publication No. 85-23, revised 1996). The Ethics Committee for Animal Experimentation at the State University of Rio de Janeiro approved the experimental procedures used in the study.
Females (F0) were mated with proven male breeders, and the day on which spermatozoa were present in a vaginal smear was designated as the day of conception. Only females that were pregnant within 5 days of the introduction of the male were retained in the study. Pregnant rats were transferred to individual cages and allocated at random to one of two groups to be fed either a normalprotein diet [control diet (C), with 19 g of protein/100 g of diet] or a low-protein diet [restricted diet (R), with 5 g of protein/100 g of diet). Both diets were isoenergetic (1900 kJ/100 g of diet). The restricted diet was compensated by the addition of carbohydrates. The mineral and vitamin contents of the two diets were identical and in accordance with the American Institute of Nutrition's recommendation (AIN 93G) [15] . Diets were produced by Rhoster, and their compositions are shown in Table 1 .
All F0 rats delivered the F1 generation by spontaneously vaginal delivery. The F1 litter sizes and pup BMs (body masses) were recorded at birth, and, to standardize food supply, litters were adjusted to six pups/dam (1:1 gender ratio where possible) [16] . The pups were accompanied until weaning when only one pup/litter was randomly assigned to form the F1 groups of study [17] . The 1900 1900
offspring were then termed according to the period and the type of diet the dams were fed, i.e. CC1 offspring (F1 offspring from dams fed the control diet in both gestation and lactation); RC1 offspring (F1 offspring from dams fed the restricted diet during gestation and the control diet during lactation); CR1 offspring (F1 offspring from dams fed the control diet during gestation and the restricted diet during lactation); and RR1offspring (F1 offspring from dams fed the restricted diet in both gestation and lactation). After weaning, pups had free access to the control diet and water, and continued to be measured weekly.
F2 generation
At 3 months of age, F1 females were bred to proven males, outside the experiment, to produce F2 offspring. During the pregnancy and for the rest of the study, F1 females were fed the control diet. F1 females underwent vaginal delivery spontaneously. The F2 litter size and pup BMs were recorded at birth and after weaning. At birth, the litter size was adjusted to six pups/dam, maintaining as close to a 1:1 gender ratio as possible. The animals were accompanied until weaning when only one pup/litter was randomly assigned to form the F2 groups. At weaning, F2 offspring were divided by gender and termed according to the period and the type of diet F0 dams were fed, i.e. CC2, CR2, RC2 and RR2. After weaning, F2 pups had free access to the control diet and water, and continued to be measured weekly.
Biometry
BM and NAL (naso-anal length) were measured at the same time every week. These procedures were the same for both F1 and F2 offspring.
Termination of the experiment
Animals of both genders of F1 and F2 offspring were followed until 6 months old. At 24 h before the end of the experiment, animals were kept in metabolic cages and were food-deprived overnight. Animals were deeply anaesthetized (by an intraperitoneal injection of sodium pentobarbital), the thorax was opened and then blood samples were rapidly obtained from puncture of the right atrium. Afterwards, the abdomen was opened and the retroperitoneal and genital fat pads were completely removed on both sides of the animal and were then weighed. The retroperitoneal fat pad was taken as the distinct deposit around each kidney along the lumbar muscles. Genital fat pad (ovarian for female and epididymal for male) included adipose tissue surrounding the ureters, bladder, epididymis, ovaries, oviducts and uterus.
Biochemical analyses and serum hormone concentrations
After blood collection, serum was obtained by centrifugation (120 g for 15 min) at room temperature (21 • C) and was stored individually at − 20 • C until assayed. Fasting glucose concentrations were determined at the moment of death, using the glucose-oxidase method and a glucometer reader (Accu-chek; Roche Diagnostic). Fasting insulin and leptin concentrations were measured by RIA [RI-13K for insulin (intra-assay coefficient of variation was 1.4 %) and RL-83K for leptin (intra-assay coefficient of variation was 4. 
Data analysis
Values are expressed as means + − S.E.M. Differences among male groups and among female groups in the same generation were analysed by one-way ANOVA and Tukey's post-hoc test. Differences between genders in the same generation or between F1 and F2 offspring were analysed with an unpaired Student's t test with Welch's correction. Three-way (2 × 2 × 2 factorial) ANOVA was performed to analyse interactions among effects (gender compared with type of diet during gestation compared with type of diet during lactation) (Statistica, version 7.0; Statsoft).
The correlation of the BM (dependent variable) with age (independent variable) was tested for the different groups. The bivariate study used log-transformed data and the allometric model log y = log a + (b)log x [18] . Because of the problem of biased estimates of slopes of y on x when both variables are subject to measurement error, the slope of the principal axis of the standardized variables, i.e. reduced major axis, was computed. A Student's t test was used to test the significance departure from a predicted slope examined with residual analysis [19] . The Pearson product-moment correlation coefficient and the linear regression were established for each age group and, in the cases where it could be relevant, we compared the two regressions (comparison of slopes) (Primer of Biostatistics, version 5.0; McGraw-Hill). In all analyses, a P value of 0.05 was considered statistically significant.
RESULTS
F1 generation
No significant differences were observed between pregnancies in dams fed the control and restricted diet in terms of litter size number, the number of dead pups at birth and the composition of the litter gender ( Table 2 ).
BM and NAL ( Figure 1 , Table 2 and Table 3) At birth, BM of the R1 offspring were significantly lower than the C1 offspring (both genders P < 0.0001, as determined by one-way ANOVA). Similar results were obtained with the NAL, with the R1 offspring having a shorter NAL than the C1 offspring (both genders P < 0.0001, as determined by one-way ANOVA).
The RC1 offspring had a catch-up of BM when compared with CC1 offspring. In contrast, the CR1 and RR1 offspring had impaired growth, thus they were lighter than the CC1 and RC1 offspring. When compared with the CC1 offspring, the BM was 65 % less in male RR1 offspring and 50 % less in CR1 offspring at weaning (P < 0.0001, as determined by one-way ANOVA). At 6 months of age, BM was 20 % less in male RR1 offspring (P < 0.0001, as determined by one-way ANOVA) and 10 % less in CR1 offspring (P < 0.001, as determined by one-way ANOVA). BM was 30 % less in male RR1 offspring compared with male CR1 offspring at weaning (P < 0.0001, as determined by one-way ANOVA), but no difference was found at 6 months of age. Females had comparable results.
At birth, BM was influenced by the interaction between gender and gestation diet, and between gender and lactation diet (Table 3) . At weaning, BM was also influenced by gender, gestation diet and lactation diet in isolation and also by the interaction between gender and gestation diet, gender and lactation diet, and gender, gestation diet and lactation diet (Table 3) . Therefore these interactions were no longer evident at 6 months of age (Table 3) .
At weaning, the NAL of male CR1 offspring was 20 % less and of male RR1 offspring was 30 % less than that of both the CC1 and RC1 offspring (P < 0.0001, as determined by one-way ANOVA). At 6 months of age, the NAL remained significantly shorter in RR1 offspring than in all of the other groups (P < 0.01, as determined by one-way ANOVA). Females had comparable results (Table 2 ).
Growth rate (Table 4) The increase in BM in the offspring in a specific age group was investigated. The analysis, based on the slope magnitude of the allometric equation, indicated the growth rate for that period. RC1 offspring has the highest growth rate among the groups during lactation period.
During the lactation period, CR1 and RR1 offspring (both genders) had significantly smaller growth rates than CC1 and RC1 offspring. In the post-weaning period, this trend was altered. In the period from 1-2 months of age, the CR1 and RR1 offspring (both genders) now had greater growth rates than CC1 and RC1 offspring, indicating catch-up growth in these groups during this period. This trend disappeared in the subsequent months of the post-weaning period.
Fat mass, and glucose, insulin and leptin levels (Table 5) Fat mass Male RC1 offspring had 30 % more fat mass than CC1 offspring (P < 0.001, as determined by one-way ANOVA), 50 % more fat mass than CR1 offspring (P < 0.0001, as determined by one-way ANOVA) and 150 % more fat mass than RR1 offspring (P < 0.0001, as determined by one-way ANOVA). Male RR1 offspring, however, had 50 % less fat mass than CC1 offspring and 40 % less of fat mass than CR1 offspring (P < 0.0001, as determined by one-way ANOVA). In the corresponding female groups, the differences were less marked than in the male groups. Fat mass was affected by the interactions between gender and lactation diet and between gestation diet and lactation diet (Table 5 ).
Glucose
Among the groups, fasting glucose levels varied significantly with gender and gestation diet (Table 5) . Gestation diet and lactation diet interacted influencing fasting glucose (Table 5 ). Male RC1 offspring had the highest fasting glucose levels, 20 % more than both the CC1 and CR1 offspring, and 15 % more than RR1 offspring (P < 0.001, as determined by one-way ANOVA). Fasting glucose levels in females were also higher in RC1 offspring, 20 % more than in CC1 offspring and 25 % more than CR1 offspring (P < 0.01, as determined by one-way ANOVA).
Insulin
Plasma insulin levels were not significantly different among the groups in both the male and female F1 offspring.
HOMA
HOMA indicated an insulin-resistant state in male RC1 offspring when compared with CC1, CR1 and RR1 offspring (P < 0.01, as determined by one-way ANOVA), with a significant three-factor interaction (gender, gestation diet and lactation diet; Table 5 ). One-, two-or three-way ANOVA was used as appropriate. G, gender, GD, gestational diet; LD, lactation diet; ns, not significant.
BM
Generation Birth Weaning 6 Months of age F1 G effect ns P < 0.0001 P < 0.0001 GD effect P < 0.0001 P < 0.0001 P < 0.0001 LD effect ns P < 0.0001 P < 0.0001 G × GD interaction P < 0.01 P < 0.0001 ns G × LD interaction ns P < 0.0001 ns GD × LD interaction ns ns ns G × GD × LD interaction ns P < 0.0001 ns F2 G effect ns ns P < 0.0001 GD effect ns P < 0.0001 P < 0.0001 LD effect P < 0.0001 ns P < 0.0001 G × GD interaction ns ns P < 0.0001 G × LD interaction ns ns P < 0.0001 GD × LD interaction ns ns P < 0.0001 G × GD × LD interaction ns ns ns
Leptin
Male RC1 offspring had 100 % more circulating plasma leptin than CC1 offspring (P<0.0001, as determined by one-way ANOVA), 80 % more than CR1 offspring (P<0.0001, as determined by one-way ANOVA), and 40 % more than RR1 offspring (P<0.001, as determined by one-way ANOVA). ANOVA revealed a significant three-factor interaction between gender, gestation diet and lactation diet (Table 5 ). In contrast, females had no evidence of hyperleptinaemia.
F2 generation
There were no differences in the number of pups born dead, litter size and litter gender composition among the groups (Table 2) .
BM and NAL ( Figure 1 and Table 2) At birth, both genders of RC2 offspring were significantly heavier, and had longer NAL, than CC2 offspring (both genders; P < 0.01, as determined by one-way ANOVA). At weaning, the BM differences disappeared among the groups. At 6 months of age, male RC2 offspring were approx. 20 % heavier than CC2, CR2 and RR2 offspring (P < 0.001, as determined by one-way ANOVA). Females did not have any difference in BM among the groups. BM was affected by the interaction between gender and gestation diet, gender and lactation diet, and gestation diet and lactation diet (Table 3) . Comparing F1 and F2 generations at weaning, both genders of CR2 (100 % more), RC2 (20 % more) and RR2 (200 % more) offspring were heavier than the respective F1 groups (P < 0.001, as determined by one-way ANOVA). At 6 months of age, male CR2 (15 % more), RC2 (20 % more) and RR2 (25 % more) offspring were heavier than the corresponding F1 groups (P < 0.001, Table 4 Comparative growth rates using the allometric model Slope (S.E.M.) calculated with the reduced major axis approximation based on the linear regression of BM (in g) as the dependent variable (y) against offspring age (in days) as the independent variable (x), fitted using the equation log y = log a + b × log x. †Significantly different from CC offspring in the same generation; ‡significantly different from CR offspring in the same generation; §significantly different from RC offspring in the same generation; significantly different from the corresponding male offspring; ¶significantly different from the corresponding F1 group; * significantly different from the previous time period in the same group. Values are means + − S.E.M. Blood was collected from the right atrium by cardiac puncture. †Significantly different from CC offspring; ‡ significantly different from CR offspring; § significantly different from RC offspring; significantly different from the corresponding male offspring. For ANOVA, one-, two-or three-way ANOVA was used as appropriate. G, gender, GD, gestational diet; LD, lactation diet; ns, not significant. ANOVA G effect P < 0.05 P < 0.05 P < 0.0001 P < 0.0001 P < 0.001 GD effect ns ns ns ns P < 0.001 LD effect P < 0.001 P < 0.0001 ns ns P < 0.01 G × GD interaction ns ns ns ns P < 0.01 G × LD interaction ns ns P < 0.05 ns P < 0.001 GD × LD interaction P < 0.001 P < 0.0001 P < 0.0001 P < 0.0001 P < 0.0001 G × GD × LD interaction ns ns P < 0.0001 P < 0.0001 ns as determined by one-way ANOVA). Female CR2 offspring were 20 % heavier than female CR1 offspring (P < 0.01, as determined by one-way ANOVA). No difference in NAL was observed among the groups.
Growth rate (Table 4) When compared with the F1 offspring, F2 offspring did not have any difference in growth rates at weaning among the groups, but they were different from the corresponding F1 offspring, with the exception of female CC2 offspring. Starting in the post-weaning period, differences among the groups were distinct in male RC2 offspring at 1-2 months of age and 2-3 months of age.
Fat mass, and glucose, insulin and leptin levels (Table 6) Fat mass
Male CR2 offspring had 35 % more fat mass than CC2 offspring (P < 0.01, as determined by one-way ANOVA) and 75 % more fat mass than RR2 offspring (P < 0.0001, as determined by one-way ANOVA). RC2 offspring had 45 % more fat mass than RR2 offspring (P < 0.01, as determined by one-way ANOVA). Females had comparable results. Fat mass varied significantly with gender and lactation diet (Table 6 ). Gestation diet and lactation diet interacted influencing fat mass ( Table 6 ), indicating that the diet of the original F0 mothers influenced fat mass in the F2 generation. Comparing F1 and F2 generations, there was a difference between male and female RC offspring. The fat mass was 25 % less in male RC2 offspring compared with the corresponding RC1 offspring (P < 0.01, as determined by one-way ANOVA), and 30 % less in female RC2 offspring compared with the corresponding RC1 offspring (P < 0.05, one-way ANOVA).
Glucose
Fasting glucose levels varied significantly with gender and lactation diet ( Table 6 ). The gestation diet and lactation diet interacted altering the fasting glucose (Table 6 ). Compared with CC2 offspring, fasting glucose was increased by 50 % in CR2 offspring, 25 % in RC2 offspring and 20 % in RR2 offspring (P < 0.0001, as determined by one-way ANOVA). The plasma glucose level in CR2 offspring was 20 % more than both the RC2 and RR2 offspring (P < 0.001, as determined by one-way ANOVA). Females had corresponding results.
Comparing F1 and F2 generations, we observed differences in both genders of CR2 and RR2 offspring. The glucose levels were increased 50 % in male CR2 offspring (P < 0.0001, as determined by one-way ANOVA) and 15 % in male RR2 offspring (P < 0.001, as determined by one-way ANOVA) compared with matched F1 offspring. The glucose levels increased 45 % in female CR2 offspring (P < 0.0001, as determined by one-way ANOVA) and 15 % in female RC2 offspring (P < 0.05, as determined by one-way ANOVA).
Insulin
Fasting insulin levels increased significantly, with 160 % more in CR2 offspring and 280 % in RC2 offspring compared with CC2 offspring (P < 0.0001, as determined by one-way ANOVA). Moreover, fasting plasma insulin levels were increased 100 % in CR2 offspring compared with RR2 offspring (P < 0.001, as determined by oneway ANOVA) and 200 % in RC2 offspring compared with RR2 offspring (P < 0.0001, as determined by one-way ANOVA) ( Table 6 ).
Interactions were found to influence fasting insulin levels between gender and lactation diet, and between gestation diet and lactation diet (Table 6 ). ANOVA revealed a significant three-factor interaction between gender, gestation diet and lactation diet ( Table 6 ), reinforcing that either diet fed to the original F0 mothers altered plasma insulin in the F2 generation, and that male offspring were altered more than female offspring.
Comparing F1 and F2 generations, fasting insulin levels varied between male CR and RC offspring. It was 100 % higher in male CR2 offspring (P < 0.001, as determined by one-way ANOVA) and 120 % higher in RC2 offspring (P < 0.001, as determined by oneway ANOVA) compared with the corresponding F1 offspring. Females did not show any difference among the groups.
HOMA
HOMA indicated an insulin-resistant state in male CR2 and RC2 offspring compared with CC2 offspring (P < 0.001, as determined by one-way ANOVA). CR2 and RC2 offspring had an insulin-resistant state compared with RR2 offspring (P < 0.001, as determined by one-way ANOVA). In females, HOMA was significantly higher in CR2 (P < 0.001) and RC2 (P < 0.05) offspring compared with CC2 offspring (as determined by one-way ANOVA) ( Table 6) .
We observed an interaction between gestation diet and lactation diet in the original F0 mothers, and an interaction between gender, gestation diet and lactation diet (Table 6 ) altering HOMA in the F2 generation. These results indicate that the male offspring were more sensitive than females, as the peripheral insulin-resistant state may be a consequence of the diet of original F0 mothers.
Comparing F1 and F2 generations, HOMA values were significantly higher in both genders of CR2 and RC2 offspring compared with the corresponding F1 offspring (P < 0.001, as determined by one-way ANOVA).
Leptin
Circulating plasma leptin concentration was highest in both genders of CR2 offspring. In male CR2 offspring, it was increased 120 % more than CC2 offspring, 70 % more than RC2 offspring, and 125 % more than RR2 offspring (P<0.001, as determined by one-way ANOVA). In females, the plasma leptin concentration did not show any difference between CR2 and RC2 offspring, but, in CR2 offspring, it was increased 80 % more than CC2 offspring and 100 % more than RR2 offspring (P<0.001, as determined by one-way ANOVA) ( Table 6 ).
The plasma leptin varied significantly with gender, gestation diet or lactation diet (Table 6 ). Moreover, there were significant interactions between gender and gestational diet, between gender and lactation diet, and between gestation diet and lactation diet ( Table 6 ), indicating that males were altered more than females and that hyperleptinaemia may be a consequence of the diet of the original F0 mothers.
Comparing F1 and F2 generations, we observed differences in plasma leptin levels between male CR2 and CR1 offspring (145 % more in CR2 offspring; P<0.0001, as determined by one-way ANOVA). In females, we observed differences between RC2 and RC1 offspring (55 % higher in RC2; P<0.001, as determined by one-way ANOVA).
DISCUSSION
In the present study, the lower birthweight of the offspring of mothers fed on a restricted (low-protein) diet became apparent at birth, as both genders of the R1 offspring had significantly lower birthweight. Moreover, changes in growth and BM were not limited to low protein during gestational period. Postnatal nutrition appeared to play a major role in determining subsequent growth. This was reflected by the fact that the postnatal growth either faltered or accelerated irrespective of the BM at day 21, and it was maintained through life. As evidence of this, RC1 animals had rapid catch-up during lactation, reaching the BM of the CC1 offspring within 21 days, whereas postnatal growth retardation was evident in both genders of CR1 and RR1 offspring. The poor fetal growth followed by rapid postnatal catch-up amplifies the risk of developing chronic diseases and is associated with decreased average longevity in mice [20] . These results demonstrate that maternal nutrition during critical periods of development has a major impact on longevity as well as quality of life [21] . Catch-up growth immediately after early malnutrition could be a key point for the programming of obesity in later life [22] .
Previous studies have shown that the major adverse effect on post-weaning weight resulted from restriction of maternal protein intake during lactation [6] . In the present study, return to an optimal diet at weaning did not correct the body deficits in CR1 and RR1 offspring, even though these groups had a greater growth-rate curve within the first 3 months. Therefore our results agree with previous suggestions that the postnatal period, rather than the prenatal period, is critical for overall growth [7, 13] .
In the present study, nutrient restriction to which F1 mothers themselves were exposed was transferred across to the next generation of their offspring. Experimental evidence has demonstrated that a low-protein diet in early, middle or late gestation resulted in a relative deficiency in pancreatic β-cells following birth, due to a failure to develop larger islets, with females being particularly susceptible in mid-gestation and males in late gestation [23] . The adult offspring of the mothers fed a low-protein diet had deficient β-cell mass and low pancreatic insulin content, resulting in a latent gestational diabetogenic tendency [24] . This latent diabetogenic tendency and the metabolic stress of pregnancy may result in gestational diabetes; the hyperglycaemic intrauterine milieu of mothers with diabetes stimulates the fetal endocrine pancreas to increase insulin production and accelerated anabolism, resulting in fetal and neonatal macrosomia in the next generation [11] . In the F2 generation in the present study, we observed macrosomia in the RC2 offspring, which led to a persistent high BM in the male group throughout the experiment, even though no differences in growth rate were shown. This transgenerational effect on the F2 generation, from the diabetic mother on the F2 and even F3 generation, fetus and adults is only transmitted via the maternal line: female offspring of mothers fed the restricted-protein diet developed gestational diabetes and induced the effect on their fetuses, and thereby in the next generation. Male offspring have impaired glucose tolerance, but do not transmit the effect to their offspring [25] .
Besides the metabolic alterations observed in F1 females while they were in utero, transgenerational epigenetic inheritance could explain the transgenerational effects observed. Nutrition might induce, at some loci, epigenetic or other changes that could be transmitted to the next generation affecting health [26] . Therefore transgenerational response to the nutrition of ancestors is now considered the main influence on longevity [27] .
The best-characterized epigenetic modification of DNA is the methylation of cytosine residues. Early nutrition may influence the establishment and maintenance of cytosine methylation [4] . It has been shown that the epigenetic state, and associated phenotype, may lead to programmed alterations in metabolism and can be inherited transgenerationally, resulting in some memory of the epigenetic state persisting in the next generation [28] . Another hypothesis is the alteration of the mitochondrial DNA of the female fetus, resulting from the challenge experienced during development. If such mitochondrial DNA changes occur in the female gametes, they would be passed to the offspring [13] . The environmental contamination by endocrine-disrupting chemicals that represent an unappreciated force in sexual selection is a good example of the role of epigenetics as a determinant factor in evolution [29] .
In the present study, we observed alterations in glucose metabolism in both F1 and F2 generations. Maternal F0 protein restriction during gestation had a more pronounced hyperglycaemic effect on offspring glucose metabolism in the F1 male generation than restriction during lactation. Interestingly, maternal F0 protein restriction during gestation as well as during lactation had a similar hyperglycaemic effect on offspring glucose metabolism in the F2 males and females. Restriction of dietary protein during development in rats results in a reduction in β-cell mass, insulin content in the offspring and glucose intolerance in adulthood, and in early insulin hypersensitivity followed by late insulin resistance [23] . Insulin hypersensitivity gives way to resistance earlier in male than in female rats [30] . The male RC1 offspring in the present study had high levels of glucose and insulin resistance. HOMA reinforces that males were more affected than females and that the peripheral insulinresistant state may be a consequence of early growth restriction followed by rapid catch-up growth. On the contrary, we observed normal glycaemia with normal insulin sensitivity in both genders of offspring from mothers fed a protein-restricted diet during lactation. The increased HOMA in the male RC1 offspring when compared with RR1 and CR1 offspring also supports the view that glucose regulatory mechanisms are at least, to some extent, programmed by the level of protein availability prenatally. However, other reports have shown low glycaemia and high insulin sensitivity in adult offspring whose mothers were submitted to protein restriction during lactation [7, 31] . This apparent discrepancy between these studies and the present findings can be explained, as the previous studies used a moderate protein-restriction diet, whereas we have used a severe protein-restriction diet. A severe protein-restriction diet is known to enhance the offspring response, displaying gender dimorphism when it exists [32] . In addition, rats have an age-dependent impairment in glucose tolerance (by 15 months of age, they have marked worsening glucose tolerance and, by 17 months, the male low-protein offspring are diabetic with elevated insulin levels) [33] . Normal glucose tolerance in the presence of low insulin secretion in juvenile animals could be due to an adaptation of peripheral tissue through an increased number of insulin receptors in the liver, adipose tissue and muscle and through other peripheral adaptations [34] . The transgenerational presence of aberrant glucose/insulin metabolism and skeletal muscle insulin signalling in the adult female F2 offspring from dams fed a proteinrestricted diet supports nutritionally induced heritable mechanisms contributing to the epidemic of Type 2 diabetes mellitus [35] .
Altered maternal/fetal metabolism appears to be associated with a diabetogenic effect in adult offspring and some adaptations later in life may take place, but stress situations such as pregnancy and aging precipitate the animals to glucose intolerance and insulin resistance. The next generation could be affected by the impairment in the development of the endocrine pancreas [25] . In the present study, it is noteworthy that F1 females did not have glucose intolerance during their own pregnancies, but glucose metabolism in the F2 generation was more affected, with offspring whose mothers were exposed to a low-protein diet during perinatal life having high glucose levels and high insulin levels with consequent insulin resistance. The findings indicate that adverse second-generation effects can follow protein restriction in both pregnancy and lactation. Although, when protein restriction persisted in both periods (RR2), F2 offspring did not have any alterations in glucose metabolism.
Adipocyte development begins in the fetus and, in contrast with all other tissues whose growth ceases in late juvenile life, it has the capacity for 'unlimited' growth [36] . In normal healthy individuals, the increase in fat mass with age is accompanied by a parallel increase in cortisol sensitivity, i.e. increased glucocorticoid receptor abundance and increased activity of the enzyme 11β-HSD1 (type 1 11β-hydroxysteroid dehydrogenase) [37] . Enhanced adipocyte sensitivity to cortisol is promoted in offspring born to mothers that were nutrientrestricted in utero in conjunction with increased PPARα (peroxisome-proliferator-activated-receptor α). This adaptation only appears to be associated with greater fat mass in offspring when maternal nutrient restriction is confined to late gestation, coincidental with the period of maximal fetal growth [38] . In the present study, it appeared that maternal protein restriction had a greater effect on male and female F1 offspring when restriction occurred during pregnancy (RC1), and increased fat mass was accompanied by glucose intolerance and insulin resistance observed in these animals. The increased fat mass in the male and female CR2 offspring when compared with CC2 offspring indicates that maternal protein restriction had a greater effect on male and female F2 offspring when restriction occurred during lactation.
Adipose-tissue-derived leptin is pivotal in the central nervous control of appetite and energy balance [39] . As expected, our present results showed that leptin concentrations correlated with the percentage of fat mass in both generations. Increased leptin concentrations were observed in male RC1 offspring, male and female CR2 offspring and female RC2 offspring. These findings indicate that adverse second-generation effects can follow protein restricted in both pregnancy and lactation. Differences in leptin concentrations have been observed in human studies and other examples of developmental programming. In humans, leptin levels increase throughout gestation, peak in the second trimester and remain high until delivery. These elevated leptin levels are not associated with negative energy balance as might be expected, perhaps because leptin resistance in pregnancy sustains maternal food intake for fetal growth [40] . An early peak in neonate leptin in rodents may play a role in programming appetite in later life [41] . Leptin levels in neonates decrease rapidly following birth, and this rapid decline may be a stimulus for feeding behaviour in early life, explaining why growth-restricted babies with low leptin levels at birth have increased growth rates in early neonatal life [33] . Postnatal leptin levels, which are predominantly regulated by nutrition, also play a key role in the permanent effects on adiposity and body composition [42] . The leptin concentrations measured in RC1 offspring suggest that dietary influences during development may be involved in leptin sensitivity in F1 and F2 generations.
In conclusion, low protein during gestation improves BM, fat mass and growth rate in F1 rats and has adverse effects on glucose and leptin metabolism, resulting in insulin resistance in the adult F1 and F2 offspring. Lowprotein during lactation has adverse effects on glucose, insulin and leptin metabolism, resulting in insulin resistance in adult F2 offspring. These findings suggest that low protein during gestation and/or lactation can be passed transgenerationally to the second generation.
